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Introduction
The controller of a converter should guarantee that the power conversion is stable under all operating conditions, meanwhile, that the desired dynamic response is maintained when a disturbance occurs. The proportional-integral-derivative (PID) controllers [1] are most widely adopted in the switching mode power suppliers, because it is easy understanding, simple to use, and capable of providing a high cost/benefit ratio. For a buck converter, the PID controller can achieve the control tasks through making the loop gain as large as possible with a high crossover frequency and an adequate phase margin. An auto-tuning PID controller is used to further improve the dynamic performance as introduced in the previous researches [2, 3] . However, the mechanisms of the previous proposals are complex and need a large computation volume or complicated circuit. In this paper, a robust H1 synthesis approach is proposed to design a simple auto-tunable PID controller for buck converters. Through the proposed robust H1 approach, the PID controller is parameterized by a tunable parameter behaving like a 'knob' on the closed-loop performance. Simulations show the closed-loop characteristics by the proposed H1 approach. Practical experiments confirm the dynamic response improvement, with a comparison of a parameter fixed PID controller by zero-pole placement.
Introduction of the proposed robust H1 approach
The principle of designing a controller for a switching converter by robust H1 synthesis approach is shown in Fig. 1(a) . The disturbance from the input voltage or load current is w, the controlled output is z, the measured output is y, and the controller output isd. Define the state space equation of the converter as follows:
where x is the system state,d, w, y, and z are the symbols in Fig. 1(a) . Matrices A, B, E, C, and D come from the model of the converter in Fig. 1(b 
The basis of the proposed robust H1 synthesis approach is to decompose the system in Eq. (1) into a special coordinate basis (SCB) [4] through transformations
Through SCB decomposition, the solvability of the system in Eq. (1) with the controller in Eq. (2) can be easily checked, meanwhile, referring to the robust H1 control theory in [4, 5] , a step-by-step design procedure is obtained as follows:
Step 1: Design the gain matrices F a , F b , F c , and F d for the states x a , x b , x c , and
Step 2: Compose the total gain matrix Fð"Þ using the matrix F a , F b , F c , and
The controller is parameterized by a tunable parameter ε behaving like a 'knob' on the closed-loop dynamic performance.
3 Design of a PID controller for the buck converters
Construction of the state space equation
The buck converter used in this paper is shown in Fig. 1(b) , with some parasitic components considered. The AC small signal average value model based state space equation in continuous conduction mode is written in Eq. (3).
where
D is the duty ratio at a given operating point andd is its small signal, 
Derivation of the PID controller Through the transformation matrices
where ! 1 , ! 2 , and ! 3 can be set to any negative values such as −1. The symbol ε is a tunable parameter. The closed-loop stability can be examined by the open-loop transfer function given in Eq. (6), and the closed-loop dynamic performance can be examined by the closed-loop dynamic characteristics including the audio-susceptibility given in Eq. (7) and the output impedance given in Eq. (8).
where F c ðsÞ is the transfer function of the PID controller in Eq. (5), F 1 ðsÞ, F 2 ðsÞ, and Z p ðsÞ are the transfer functions of the power stage given as follows:
Simulations and experiments
The parameters of a buck converter used in this paper are: Fig. 2(a) , which has a crossover frequency f c ¼ 5:2 kHz, 6.8 kHz, and 10.7 kHz, and a phase margin PM ¼ 107°, 114°, and 129°when ε is tuned to 1/10000, 1/12000, and 1/15000, respectively. Ignoring the ESR r c of output capacitor, the phase margin will be 70°< PM < 80°. It means that the control system is stable. From Fig. 2(a) , small ε leads to large controller gain and fast dynamic response, however, weak noise immunity; while large ε leads to small controller gain and slow dynamic response. From the closed-loop audio-susceptibility in Eq. (8) and the output impedance in Eq. (9), the step responses of the output voltage to a step change in the input voltage and load current are shown Figs. 2(b) and (c), respectively. It can be seen that the dynamic performance is directly related with the parameter ε.
The parameter ε can be set smaller when the output voltage error is large, and set larger when the error becomes small to improve the dynamic performance. Next, compare with the parameter fixed PID controller by the conventional zero-pole placement. The natural resonant frequency of the buck converter in Fig. 1(b 
Practical experiments of the PID control
Through backward difference s ¼ 1 À z À1 =T s ,) is ! r 2 ¼ ðR þ r L þ Dr s þ D 0 r D Þ=LCðR þ r c
Conclusion
The proposed robust H1 approach provides an approach to parameterizing the PID controller with a tunable parameter. Through tuning the parameter according to the output voltage error, the dynamic response can be greatly improved. 
